Background {#Sec1}
==========

Animal venoms compose a complex mixture of ions, small organic molecules, peptides and proteins, which evolved through millions of years of natural selection aiming at prey capture and defense mechanisms. A significant part of this rich mixture is composed of bioactive peptides. Due to their remarkable structural and functional variety, these bioactive peptides offer almost limitless possibilities for the development of new therapeutic agents \[[@CR1], [@CR2]\].

Arachnid species including scorpions and spiders are of great interest for bioactive peptide research since the complex venom of these animals contain many peptide toxins \[[@CR3]\]. Scorpion venoms are composed of inorganic salts, free amino acids, nucleotides, biogenic amines, peptides and proteins \[[@CR4]\]. Peptide neurotoxins form most of their venom that may contain more than a hundred peptides \[[@CR5]\]. So far, more than 600 scorpion peptides were described in the UniProt database \[[@CR6]\]. These toxins were functionally classified into four groups as Na^+^, K^+^, Ca^2+^ and Cl^−^ ion channel inhibitors \[[@CR7]\]. During 400 million years of evolution, these toxins gained excellent specificity and affinity for their targets, which makes them highly potent inhibitors \[[@CR8]\].

According to latest records, Turkey has 23 species of scorpions in 11 *genera*. So far, venom characterization of only three buthid species was carried out. A Na^+^ channel α-toxin Bu1 was discovered from the venom of *Buthacus macrocentrus* \[[@CR9]\]. Three K^+^ channel inhibitors MegKTx1, MegKTx2 and MegKTx3 were isolated from the venom of *Mesobuthus gibbosus* \[[@CR10]\]. One of the two scorpion species of Turkey that may cause lethal poisoning in humans is *Androctonus crassicauda*. Biochemical characterization of its venom is in progress and recently bioactive peptides Acra1, Acra2, Acra3 and Acra4 were isolated from the venom \[[@CR11]--[@CR13]\].

The *Leiurus* genus of Buthidae family includes five species: *L. quinquestriatus*, *L. jordanensis, L. savanicola*, *L. nasheri* and *L. abdullahbayrami. Leiurus quinquestriatus* is the best characterized member of the genus from which many well-known peptide toxins such as chlorotoxin and charybdotoxin were isolated \[[@CR14], [@CR15]\].

*L. abdullahbayrami* (Figure [1](#Fig1){ref-type="fig"} -- A) is a recently described species of *Leiurus* genus which was previously identified as *L. quinquestriatus*. It is distributed around southeastern Turkey, mainly western Euphrates basin and specimens were recorded in Adiyaman, Hatay, Kilis, Gaziantep, Sanliurfa, and Kahramanmaras provinces (Figure [1](#Fig1){ref-type="fig"} -- B) \[[@CR16]\]. Electrophoretic profile of its venom indicated the strong expression of 4 and 6 kDa peptides. It was also shown that *in vivo* toxicity of its venom (LD~50~) was 0.19 mg/kg on mice \[[@CR17]\].Figure 1***Leiurus abdullahbayrami*** **in captivity (A) and its distribution in Turkey (B) represented by the dark area.** Red arrow shows location where the specimens were collected (<http://www.mapbox.com>).

The aim of this study was to determine the peptide profile, cytotoxicity and antimicrobial effect of *L. abdullahbayrami* venom. Characterization studies included protein content determination, comparative electrophoretic profiling and peptide mass determination. A combination of size-exclusion and reversed-phase chromatography (RPC) was used to focus on the peptide fraction of the crude venom. Bioactivity screening was carried out on a mammalian cell line (MCF-7) and a few selected bacterial and fungal species.

Methods {#Sec2}
=======

Specimen collection and venom milking {#Sec3}
-------------------------------------

*L. abdullahbayrami* scorpions were collected from a semi-arid steppe area of Sinanköy Village, Gaziantep Province, southeast of Turkey (37^ο^2'16"N 37°35'58"E). Specimens were maintained in plastic boxes and fed mealworms twice a month. Specimens (six males and three females, adults) were milked by electrical stimulation (15 V) of the telson. Venom samples were collected in polypropylene tubes, diluted with double distilled water and centrifuged at 15,000 g for 15 minutes at 4°C. The supernatant was transferred to new tubes, lyophilized and stored at −80°C.

Protein content determination {#Sec4}
-----------------------------

Protein content of the crude venom was determined using Bio-Rad Quick Start™ Bradford Protein Assay (USA).

Electrophoresis {#Sec5}
---------------

Bio-Rad Mini-Protean® Tetra Cell system and microfluidic capillary electrophoresis (MCE) with Agilent Protein 80 kit on an Agilent Bioanalyzer 2100 system (USA) were used. Tris-Glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 4% stacking and 10% resolving gels under denaturing conditions at constant current (25 mA). For Tris-Tricine SDS-PAGE, 4% stacking, 10% spacer and 16% resolving gels with 6 M urea were used with 35 mA \[[@CR18]\]. Protein bands were stained by silver staining; whereas 5 μg of sample was loaded per well for Tris-Glycine and Tris-Tricine SDS-PAGE; and 0.1 μg of sample was loaded per well in MCE.

HPLC Fractionation {#Sec6}
------------------

A Varian Prostar high-performance liquid chromatography (HPLC) system (USA) was used for venom fractionation. First, 50 μL of crude venom (4 mg/mL) dissolved in a running buffer (10% acetonitrile and 0.1% trifluoroacetic acid in deionized water) was applied to a Tosoh Bioscience TSKgel® G2000SW size exclusion column (Japan, 7.5 mm × 600 mm, 12.5 nm pore size). Total run time was 60 minutes with 0.5 mL/minute flow rate. Peptide fraction from size exclusion chromatography (SEC) run was collected, freeze dried and dissolved in buffer A (0.1% trifluoroacetic acid in deionized water). Then, 50 μL of resuspended sample (30 μg/mL) was apllied to a Vydac® (USA) 218TP54 C18 reversed-phase column (4.6 mm × 250 mm, 300 Å pore size). Peptide fractions were eluted at 0.7 mL/minute flow rate by a linear gradient of buffer A to 60% buffer B (0.1% trifluoroacetic acid in acetonitrile) over 90 minutes.

Mass spectroscopy {#Sec7}
-----------------

Agilent 1200 HPLC coupled LC/MS TOF 6530 mass spectroscopy system was used for the determination of molecular weight of venom peptides. Freeze dried peptide fraction from the SEC run was dissolved in buffer A (0.1% formic acid in deionized water) and 50 μL resuspended sample (30 μg/mL) was applied to an Agilent Technologies ZORBAX Eclipse XDB C18 column (4.6 mm × 150 mm, 5 μm). A linear gradient from buffer A to 60% buffer B (0.1% formic acid in acetonitrile) at 0.7 mL/minute over 90 minutes was employed. Ionization was achieved with an electrospray ionization (ESI) module followed by mass detection by TOF detector that was operating at positive ion mode with 2000 V and 100--3200 m/z range. Data analysis was performed using Agilent MassHunter Workstation Qualitative Analysis software.

Cytotoxicity assay {#Sec8}
------------------

MCF-7 human epithelial breast adenocarcinoma cell line was cultured in 4500 mg/L of glucose containing Dulbecco's modified Eagle's medium (DMEM) with 10% FBS, 2 mM L-Glutamine and 100 units/mL of penicillin-streptomycin at 37°C and 5% CO~2~. Then, 2 × 10^3^ cells were seeded in 96-well microplate and incubated for 24 hours before treatment. Crude venom (200 μg/mL) and etoposide (60 μM) were applied (24 and 48 hours) in serum-free medium to avoid interference of serum proteins. Cell viability was determined using an XTT Cell Viability kit from Cell Signaling Technology (USA). The experiments were conducted in triplicates and statistical significance of the observed difference was determined using one-way ANOVA with Tukey's multiple comparison test of the GraphPad Prism software (USA).

Antimicrobial activity assay {#Sec9}
----------------------------

*Listeria monocytogenes*, *Escherichia coli*, *Enterobacter aerogenes*, *Pseudomonas aeruginosa*, *Candida krusei* and *Candida albicans* were obtained from the Laboratory of Microbiology, Medical Faculty, Kırıkkale University. Antibacterial activity of the venom was assessed by agar disc diffusion assay. Microorganisms were activated by inoculating a loop of the strain in the nutrient broth and incubated on rotary shaker. Then, 0.2 mL of inoculum (10^7^-10^8^ mL as per McFarland standard) was added to the Mueller Hinton agar media. Subsequently, 40 μL of venom at a concentration of 20 mg/mL was applied on the disc (0.6 cm). After 18--24 ± 2 hours of incubation at 37 ± 0.1°C, microbial growth was determined by measuring the diameter of the inhibition zone. For antifungal activity investigation, yeasts (0.5-2.5 × 10^6^/mL) were cultivated on Sabouraud 2%-dextrose agar. Venom solution was applied as mentioned above. After cultivation for 24--37 hours at 25 ± 2°C, the growth was determined by measuring the diameter of the inhibition zone. Standard antibiotic discs (RA5, TE30, AMC30 and E15) were used as positive controls. Phosphate buffered saline (PBS) soaked disks were used as negative control.

Ethics statement {#Sec10}
================

This work required no approval by Middle East Technical University Local Ethical Committee for Animal Experiments based on the reason that invertebrate animals were used in the study. All precautions were taken to ensure no harm was inflicted on the scorpion specimens during venom milking.

Results {#Sec11}
=======

Protein content and electrophoretic profile {#Sec12}
-------------------------------------------

Protein content of *L. abdullahbayrami* venom was determined by Bradford assay to be 54%. The venom of closely related member of the same genus, *L. quinquestriatus,* was previously determined to have 65% protein in its composition \[[@CR19]\].

Protein profile of the venom is showed in Figure [2](#Fig2){ref-type="fig"}. First, we analyzed venom proteins with 10% glycine SDS-PAGE which allowed us to see both high- and low-molecular-weight proteins on the same gel. Multiple proteins between 10 to 150 kDa were detected with two major bands at 10 and 70 kDa (Figure [2](#Fig2){ref-type="fig"} -- A). Since our major focus was on venomic peptides, we also used tricine SDS-PAGE, which is an electrophoretic method optimized for peptide analysis \[[@CR18]\]. As seen in Figure [2](#Fig2){ref-type="fig"} -- B, tricine method resolves the 10 kDa glycine SDS-PAGE band into 8 and 10 kDa peptides. Proteins larger than 40 kDa could not enter the 16% resolving part of the gel as expected. As a final electrophoretic approach, we also employed MCE and detected 6 and 7 kDa peptides in addition to multiple proteins peaks in 70--85 kDa range (Figure [2](#Fig2){ref-type="fig"} -- C).Figure 2**Electrophoretic profile of** ***L. abdullahbayrami*** **venom. (A)** Glycine SDS-PAGE; **(B)** Tricine SDS-PAGE and **(C)** MCE results. UM, LM and SP stand for upper marker, lower marker and system peak, respectively.

Size exclusion chromatography {#Sec13}
-----------------------------

In order to reduce venom complexity by eliminating small molecular compounds (\<1 kDa) and high-molecular weight proteins (\>10 kDa), we first applied the crude venom to size exclusion chromatography (SEC). As seen in Figure [3](#Fig3){ref-type="fig"}, two major fractions were obtained from this run: a relatively sharp protein peak with an estimated molecular weight of 36 kDa and a combination of multiple peptide peaks in approximately 4--10 kDa range. Surprisingly, the first SEC peak produced a single protein band of 70 kDa on the glycine SDS-PAGE. This significant molecular weight mismatch between SEC and PAGE experiments may be due to the highly compact globular structure of the protein causing retention in SEC matrix and delayed elution from the column. SEC fraction 2, which will be referred to as the peptide fraction from this point forward, was also analyzed by glycine SDS-PAGE and produced a single peptide band of 9 kDa.Figure 3**Size exclusion chromatogram of** ***L. abdullahbayrami*** **venom.** Retention times of protein standards are shown on top. Inset shows the glycine SDS-PAGE profiles of the selected fractions.

Reversed-phase chromatography {#Sec14}
-----------------------------

Separation of SEC fraction peptides based on their polarity was achieved by reversed-phase chromatography (RPC) (Figure [4](#Fig4){ref-type="fig"}). Since the venom complexity was reduced by a previous SEC run, a relatively clean reversed-phase chromatogram was obtained. As shown in Figure [4](#Fig4){ref-type="fig"}, four major peaks were selected and loaded to glycine SDS-PAGE to confirm their peptide identity. As expected, a 9-kDa peptide band was observed in most samples.Figure 4**Reversed-phase chromatogram of** ***L. abdullahbayrami*** **venom peptide fraction.** The inset shows the glycine SDS-PAGE profile of the selected peaks.

Peptide mass determination {#Sec15}
--------------------------

For molecular weight determination, the peptide fraction of the venom obtained from the SEC column was analyzed by liquid chromatography coupled to mass spectroscopy. Table [1](#Tab1){ref-type="table"} summarizes the deconvoluted molecular weights of 45 peptides identified from *L. abdullahbayrami* venom*.* The mass range of the peptides was between 1032 and 6895 Da. Molecular weight distribution histogram shows a bimodal characteristic (Figure [5](#Fig5){ref-type="fig"}).Table 1**Retention times (RT) and deconvoluted molecular weights (MW) of** ***L. abdullahbayrami*** **venom peptides determined by LC-ESI-TOF -- 45 molecular masses were identified**RT (min)MW (Da)RT (min)MW (Da)11.502961, 300029.144540, 681012.40302430.00537612.862948, 2988, 318333.323555, 3576, 3591, 3615, 363015.39319833.39106715.49323434.65115520.90376836.87128721.40377236.951331, 137522.56399637.67141923.374056, 4092, 416838.20146323.793996, 400039.71150724.19403643.05103224.86405664.081294, 133825.66678064.15142626.626805, 6820, 6840, 6855, 689567.751082Figure 5**Molecular weight distribution of** ***L. abdullahbayrami*** **venom peptides.**

Cytotoxicity {#Sec16}
------------

Effect of *L. abdullahbayrami* crude venom on cell viability of MCF-7 human epithelial breast adenocarcinoma cell line was tested using XTT assay. As seen in Figure [6](#Fig6){ref-type="fig"}, venom (200 μg/mL) had no cytotoxic effect on the cells following 24-hour and 48-hour treatments. On the other hand, venom treatment caused a significant increase in the metabolic activity after 48 hours. This increase strongly suggests a proliferative effect of the venom.Figure 6**Cytotoxicity assay of** ***L. abdullahbayrami*** **venom on MCF-7 breast adenocarcinoma cell line.** NC: negative control; Eto: etoposide (60 μM ) positive control; CV: crude venom (200 μg/mL). Error bars represent SD (*n = 3*). Stars (\*, \*\*, \*\*\*) denote statistically significant differences at *p* ≤0.05, *p* ≤0.01 and *p* ≤0.001, respectively.

Antimicrobial activity {#Sec17}
----------------------

We also tested the antimicrobial activity of the venom on gram-negative (*Escherichia coli*, *Enterobacter aerogenes* and *Pseudomonas aeruginosa*) and gram-positive (*Listeria monocytogenes*) bacteria as well as two fungal species (*Candida krusei* and *Candida albicans*) using agar disc diffusion assay. Zone of inhibition values (mm) after 24 hours of treatment are provided in Table [2](#Tab2){ref-type="table"}. Antimicrobial effect of the venom seems to be stronger on the gram-negative bacteria.Table 2**Antimicrobial activity of** ***L. abdullahbayrami*** **crude venom determined by agar disk diffusion assay**Zone of Inhibition (mm)Crude venomAntibiotic*Escherichia coli*2720 (RA5)*Enterobacter aerogenes*3037 (TE30)*Pseudomonas aeruginosa*2028 (AMC30)*Listeria monocytogenes*1626 (E15)*Candida krusei*2021 (E15)*Candida albicans*2333 (AMC30)RA5: 5 μg of rifampin, TE30: 30 μg of tetracycline, AMC30: 30 μg of amoxicillin-clavulanic acid, E15: 15 μg of erythromycin.

Discussion {#Sec18}
==========

Microfluidic capillary electrophoresis offers significant resolution advantage {#Sec19}
------------------------------------------------------------------------------

Peptidomics approach followed in this work has some differences when compared to commonly used crude venom characterization studies. In the literature, crude venom is typically separated by RPC that produces more peaks. Since our focus was on peptide components of the venom, we preferred to use SEC to separate the peptide fraction of the venom (1--10 kDa) from low- (\<1 kDa) and high-molecular-weight components (\>10 kDa) as suggested by Vassilevski *et al.* \[[@CR20]\]. The peptide fraction obtained by SEC was then loaded on a C18 RPC column to separate peptides in the mix based on their polarity. This produced a clean HPLC chromatogram, which makes fraction collection and peptide bioactivity screening easier (Figure [4](#Fig4){ref-type="fig"}).

We also compared the performance of two electrophoretic methods, namely PAGE and MCE. In terms of resolution, MCE has a clear advantage over PAGE. MCE peptide bands at 6 and 7 kDa have a perfect match to MS determined peptide masses in 6--7 kDa range. Also, from a practical point of view, running an MCE experiment is significantly easier and shorter on Agilent 2100 MCE system. The major drawback of the platform was the lack of a suitable protein analysis kit for the detection of peptides below 5 kDa. Due to this limitation, we could not detect 1 to 5 kDa peptides, which were identified by MS.

We detected a major 9-kDa band in tricine SDS-PAGE runs of SEC and RP-HPLC fractions. Since MS analysis does not indicate the presence of peptides with this molecular weight, this must be due to the relatively poor resolution of our PAGE setup. Therefore what we determined as 9 kDa on tricine SDS-PAGE must be 6--7 kDa peptides actually. Lack of 3--4 kDa peptide bands on our PAGE results was quite unexpected since 3.4 and 5 kDa bands can be clearly seen in the marker lanes (Additional file [1](#MOESM1){ref-type="media"}). Since Ozkan *et al.* \[[@CR17]\] previously showed the presence of 4-kDa *L. abdullahbayrami* peptides on glycine SDS-PAGE, we suspect that dimer formation due to the intermolecular disulfide bridges may be responsible for the lack of the expected peptide band. On the other hand, increasing the concentration and type of the reducing agent and increased duration of reduction did not change the results. This leaves the sensitivity problem due to the low abundance of 3--4 kDa peptides in the venom as the best explanation for the observed outcome.

Most *L. abdullahbayrami*venom peptides are in the 1--4 kDa mass range {#Sec20}
----------------------------------------------------------------------

Molecular weight histogram provided in the excellent review by King and Hardy \[[@CR6]\] indicates a bimodal mass distribution for the scorpion venom where the majority of the peptides fall in either 3.5 to 4.0 or 6.5 to 7.5 kDa ranges. Peptide mass profile of *L. abdullahbayrami* partially matches this general trend considering that one third of its peptides are in the 3--4 kDa range. However, instead of a major 6.5-7.5 kDa distribution, 30% of *L. abdullahbayrami* venom peptides fall in the 1--2 kDa range. In the light of previous peptide bioactivity studies, 3--4 kDa peptides of the venom are expected to be potassium and chloride ion channel blockers while 1--2 kDa peptides may be non-disulfide-bridged peptides that typically show antimicrobial activity \[[@CR21]\].

*L. abdullahbayrami*venom shows proliferative effect {#Sec21}
----------------------------------------------------

*L. abdullahbayrami* crude venom did not show cytotoxic effect on MCF-7 cells at 200 μg/mL. Similarly, crude venom (250 μg/mL) of another Turkish scorpion, *Androctonus crassicauda*, has also been shown to be not toxic to various mammalian cells lines \[[@CR12]\]. Interestingly, *L. abdullahbayrami* venom has a clear proliferative effect on the cells especially after a 48-hour treatment. This may be due to several reasons. Arachnid venoms are rich in polyamines and ions, especially potassium and calcium \[[@CR22]\]. These low-molecular-weight components and ions have been previously shown to induce cell proliferation \[[@CR23]\]. In addition, amino acids and proteins of the crude venom might have provided a better growth medium for the MCF-7 cells considering the serum-free medium of the control cells. Sherif *et al.* \[[@CR24]\] has also reported a similar mitogenic effect of *L. quinquestriatus* venom fractions on Vero and BGM cells and concluded that increased calcium ion influx or interleukin and kinin-linked mechanisms might have stimulated the cell proliferation. Similarly, Heinen *et al.* \[[@CR25]\] also observed that *Lonomia obliqua* caterpillar venom led to decrease in the production of nitric oxide and increased the viability of U138-MG and HT-29 cell lines. They also showed that activation of the cAMP signaling pathway inhibited the effects of the venom, suggesting an interesting link between venom, nitric oxide and cAMP signaling \[[@CR25]\].

Antimicrobial activity of the venom {#Sec22}
-----------------------------------

Antimicrobial potency of the venom is comparable to previous studies conducted on *L. quinquestriatus* \[[@CR26]\]. We identified 13 venom peptides with 1--2 kDa in *L. abdullahbayrami* venom by mass spectroscopy and as discussed earlier, these small peptides are typically categorized as non-disulfide-bridged peptides with antimicrobial activity.

Conclusions {#Sec23}
===========

This work is the first detailed bioactivity study that used peptidomics methods for *L. abdullahbayrami* scorpion venom. Protein content of the crude venom was determined as 54%. We showed that MCE is a practical peptidomics tool with high resolution for venom research. A total of 45 venom peptide masses were identified by mass spectroscopy in the present study, 60% of which are within 1--4 kDa range. *L. abdullahbayrami* crude venom has a proliferative effect on MCF-7 tumor cell line. Various venom components including potassium and calcium ions as well as polyamines, amino acids and proteins may play a role in this outcome. We also report antimicrobial effect of the venom, which is stronger on gram-negative bacteria. Future studies on *L. abdullahbayrami* venom peptides may lead to the discovery of novel potassium and chloride channel blockers as well as antimicrobial peptides.
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Additional file 1: **Tricine SDS-PAGE profile of fraction number 3 and 4 of RP-HPLC (lanes 1 and 2) and protein ladder (lane 3).** As seen from the protein ladder, tricine SDS-PAGE can resolve peptides in 3.4 to 10 kDa mass range. (PPTX 79 KB)
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